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Abstract
This paper describes the characteristics of the coercive force and Vickers hardness for cold-rolled and 
thermally aged Fe–Cu alloys with varying isothermal aging times. Fe–1 wt% Cu alloys were cold-
rolled and then thermally aged at 553 or 773 K from 0 to 104 min. The coercive force for the cold-
rolled specimen decreases with increasing aging time, and the slope of the reduction becomes higher 
with increasing aging temperature. The recovery process contributes to the change in the coercive 
force. In contrast, the hardness increases with increasing aging time at an early aging stage and then 
eventually peaks. The copper precipitates play an important role in the change in the hardness and 
barely have an effect on the magnetic properties. 
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1 Introduction 
Aging management for nuclear power plants is a very important issue for safe long-term operation, 
especially after the accident due to the earthquake in Fukushima, Japan. One of aging issues in nuclear 
power plants is neutron irradiation embrittlement in reactor pressure vessels (RPVs). Embrittlement 
due to neutron irradiation mainly progresses by the formation of dislocation loops and copper-rich 
precipitation [Odette, G. R. (2001)]. In order to maintain the integrity of the plants, an evaluation of 
the irradiation damage in RPVs is quite important. With an extension of the lifetime of the plants, the 
demands for enhancements in the reliability of aging management increase; thus, the development of 
non-destructive evaluation (NDE) techniques for RPVs is strongly required. NDE using magnetic 
measurements may be effective for investigating the integrity of a nuclear RPV; good correlations 
generally exist between the magnetic and mechanical properties [Kronmüller, H. (1972), Takahashi, S. 
(2006)] because both depend on the underlying microstructures [Seeger, A. (1964), Jiles, D. C. 
(1991)]. However, these good correlations have not been experimentally observed for pre-deformed 
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and thermally aged Fe–Cu alloys [Kamada, Y. (2009)], and the mechanism is still unclear. An 
important issue is to evaluate is how the microstructural features contribute qualitatively and 
quantitatively to the magnetic and mechanical properties. Therefore, we prepared cold-rolled Fe–Cu 
alloys to induce dislocations and annealed the alloys at 573 and 773 K to alter the morphology of the 
dislocations and to generate copper precipitates. Then, we evaluated the changes in the coercive force
and hardness and discussed the relation between these properties and the microstructural changes. 
Previously, the following idea was proposed [Kamada, Y. (2009)]: the precipitates preferentially occur 
around dislocations, and they compensate for the internal stress around dislocations, which is 
attributed to a decrease in the coercive force on the pre-deformed Fe–Cu alloy with thermal aging. 
However, the validity of this idea is still unclear. One of purposes of this study is to clarify this 
question in the alloy here analyzed. 
2 Experimental Procedure 
2.1 Preparation of the Specimen 
An Fe–1 wt% Cu model alloy was used for the specimens. The specimens were annealed for 5 h at 
1123 K to prepare them in the supersaturated solid solution state, followed by quenching. One of these 
specimens was shaped into a plate (undeformed, 0% reduction), whereas another specimen was 
deformed by cold-rolling with a 40% reduction ratio to introduce dislocations and then cut into plates 
using wire cutting. The plates have a 15-mm width, 25-mm length, and 1- or 2-mm thickness. The pre-
deformed specimens were cold-rolled parallel to the length direction. These specimens were 
isothermally aged at 573 and 773 K for 0 to 104 min in vacuum and then quenched in water to form 
copper precipitates to generate recovery and to alter the dislocation morphology. After aging, the 
surfaces of specimens were polished followed by hysteresis measurements. 
2.2 Measurement Method 
Figure 1 shows a diagram of the hysteresis-loop measurements. A U-shaped single yoke of Fe–Si 
steel with both magnetising and pick-up coils was positioned on the plate; a triangular current with a 
frequency of 0.05 Hz and an amplitude of 2 A was applied to the magnetising coil while the pick-up 
coil detected any change in the flux within the closed magnetic circuit consisting of the yoke and plate. 
Assuming that the magnetic field is uniform inside the specimen and that the reluctance of the single 
yoke can be ignored, the magnetic field inside the specimen was calculated using the number of turns 
Figure 1: Diagram for measurement of a hysteresis loop. 
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of the magnetising coil and the intensity of the applied current. The magnetic flux, Φ, was calculated 
through integration of the induced voltage at the pick-up coil. We use the equation B = Φ/S, where S is 
the cross-sectional area of the specimen for the calculation of the magnetic flux density B. 
Consequently, a hysteresis loop was obtained. Other specimens were prepared in the same manner as 
the plates but were used for hardness measurement and electron backscatter diffraction (EBSD) 
analysis (JSM-7001F). The acceleration voltage for the EBSD analysis was 20 kV. The specimens for 
the EBSD analysis were polished mechanically and electrically prior to observation. The hardness was 
measured using Vickers hardness meter with a load of 2.9 N. 
3 Results 
3.1 Changes in the Magnetic and Mechanical Properties 
Figure 2 shows the hysteresis loops of the undeformed and pre-deformed specimens before and 
after thermal aging. Note that the direction of the applied magnetic field was parallel to the rolling 
direction in the deformed specimen. Before aging, the loop of the undeformed specimen is narrow 
compared with that of the deformed specimen. The loop is inclined toward the horizontal axis for the 
undeformed specimen during the initial stage of aging, which is attributed to the strain induced by 
quenching. Then, the slope of the loop barely increases as the aging time increases; the changes in the 
loop for the undeformed specimen are not significant compared with those for the deformed specimen. 
Before aging, although the loop is significantly inclined toward the horizontal axis for the deformed 
specimen, the gradient of the loop gradually increases for aging at 773 K. We obviously find that the 
loop becomes narrower as the aging time increases for the deformed specimen at 773 K. In contrast, 
for the deformed specimen aged at 573 K, the slope of the loop does not change, and the loop shape 
becomes slightly narrower. Figures 3(a) and 3(b) show the aging-time dependencies of the coercive 
force and Vickers hardness, respectively. We also confirmed that both the coercive force and Vickers 
hardness increase with an increasing reduction ratio during the cold-rolling process. The good 
correlation between these quantities can be explained by the change in the dislocation density and 
morphology [Takahashi, S. (2003), Kikuchi, H. (2009)]. The coercive force is almost constant, 
whereas the hardness increases with aging time and attains a peak value at 500 min, followed by a 
decrease, for the undeformed specimen. The coercive force of the deformed specimen aged at 773 K 
exhibits a rapid decrease during the initial aging stage and then becomes constant, whereas it 
continuously decreases at a constant rate for the deformed specimen aged at 573 K. The hardness 
rapidly increases during the initial stage and then maintains relatively high values for aging at 573 K, 
whereas it gradually increases and peaks after 500 min at 773 K. The increase in the hardness is 
(a)                                                      (b)                                                     (c) 
Figure 2: Hysteresis loops for (a) undeformed and deformed specimens aged at (b) 773 K and (c) 573 K. 
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mainly attributed to copper precipitates, which are directly insensitive to domain-wall movement, i.e.
the magnetic properties.  
3.2 Microstructural Changes 
Figure 4 shows the pole figure obtained from the EBSD results for the undeformed and deformed 
specimens before aging and after aging at 773 K for 104 min. The orientation is random for the 
undeformed specimen, whereas the orientations for the deformed specimen are <110> along the 
rolling direction and <111> along the direction normal to the rolling surface before thermal aging. 
However, these orientations do not change during aging, which indicates that the crystalline 
orientations have no effect on the magnetic properties in the present work. 
The EBSD images in Fig. 5 show that many low-angle grain boundaries exist in the deformed 
specimens prior to thermal aging, with these boundaries being defined as those in which the angle 
between grains is within the range of 2° to 5° and is considered to represent macroscopic clusters of 
dislocations [Burgers, J. M. (1939), Bragg, W. L. (1940), Amelinckx, S. (1959)]. We also see that 
there are few low-angle grain boundaries in the undeformed specimen, which has a grain size of 80–90 
μm, similar to the deformed specimen. The grain size and the distribution of the low-angle grain 
boundaries remain unchanged in both the undeformed and deformed specimens after thermal aging. 
4 Discussion 
The microstructural and textural factors affecting the magnetic and mechanical properties are the 
copper precipitates, dislocations, grain boundaries, and crystal orientation in this work. The EBSD 
results showed that the grain size and crystal orientation were not altered; thus, these factors are not 
dominant. On the basis of the hardness measurement of the undeformed specimen, we recognise that 
copper precipitates occur owing to thermal aging. Furthermore, from the hardness results of the 
deformed specimen, precipitation accelerates when the internal strain is larger and the aging 
temperature is higher. On the other hand, the coercive force for the undeformed specimen is nearly 
constant during thermal aging, which is evidence that the copper precipitates do not act as pinning 
sites for domain walls. The reason why the coercive force decreases for the deformed specimen during 
aging has been suggested by [Kamada, Y. (2009)] as follows: the internal stresses produced by 
dislocations are compensated by the internal stresses generated by the copper precipitates near 
dislocations. However, in this study, the hardness drastically increased at both 573 and 773 K owing to 
copper precipitates, whereas the coercive force gradually decreased at 573 K compared to 773 K. If 
               (a)                                                                                (b) 
Figure 3: Dependencies of the (a) coercive force and (b) Vickers hardness on the aging time for a deformed 
specimen and pre-deformed specimens aged at 573 and 773 K. 
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is confirmed. Thus, in our case, the recovery process is expected to occur, and recovery plays a major
role in the decrease in the coercive force for the deformed and aged Fe–Cu alloy. 
Pictures representing the microstructural changes based on the discussion mentioned above are 
shown in Fig. 6. For the undeformed specimen, copper precipitates are generated with a high density 
in the iron matrix during an early aging stage, and the precipitates do not impede domain-wall motion 
because they are very fine. During the middle stage of aging, the copper precipitates grow; however, 
their sizes are still too small to inhibit domain-wall motion. Thus, there is no change in the magnetic 
properties. On the other hand, the copper precipitates act as the sites which impede dislocation 
movement, and the density of precipitates increases with increasing aging during the middle stage, 
which contributes to an increase in the hardness. During the latter stage, the copper precipitates 
become coarser, which introduces a large space between precipitates, i.e. the density of precipitates 
decreases. Consequently, the hardness decreases. 
The deformed specimens probably contain many dislocations and also include cell structures 
which develop along the rolling direction before thermal aging. As thermal aging progresses, copper 
precipitates are formed, which strongly contribute to an increase in the hardness, but have no effect on 
the magnetic properties. During the initial and middle stages, recovery progresses, and strain 
relaxation and the rearrangement of dislocations may be dominant; this contributes to a reduction in 
the coercive force. Although strain relaxation also contributes to a decrease in the hardness, the effect 
of the copper precipitates is stronger than that of the strain relaxation, and the dislocation density does 
not change very much, i.e. only rearrangement occurs, and the cell structures are transformed into 
isotropic sub-grains. Therefore, the hardness increases with the aging time during this stage. Because
recovery more easily occurs at a higher aging temperature, the coercive force rapidly decreases at 773 
K compared to 573 K. During the latter stage, the copper precipitates become coarser, and their 
density decreases, similar to the undeformed specimen. Furthermore, the behaviours related to the 
change in the hardness are similar to the change in the undeformed specimen. 
(a)                                                                          (b) 
(c)                                                                          (d) 
Figure 5: EBSD results for the undeformed specimen (a) before aging, and (b) after 104 min at 773 K and for 
the deformed specimen (c) before aging and (d) after 104 min at 773 K. Bold black lines show the typical 
grain boundaries. Thin blue lines show the low-angle grain boundaries (the angle between grains is 2–5°). 
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